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ABSTRACT
The Kepler light curve of DF Cyg is unparalleled in precision and cadence for any RV Tau star
to date spanning a baseline of ∼4 years and clearly displaying the signature pulsating behavior of
alternating deep and shallow minima as well as the long-term trend indicative of an RVb-type variable.
We measure DF Cyg’s formal period (the time interval between two successive deep minima) to be
49.84± 0.02 days. The trend in the arrival times emulates that of the long-term period. There appear
to be precisely 16 deep+shallow minima cycles in one long-term cycle, suggesting a long-term cycle
period of ≈795± 5 days. We argue that binarity may naturally explain the long-term periodicity in
DF Cyg. The spectral energy distribution of DF Cyg features an infrared excess indicative of a disk
possibly linked to a binary companion. From a recent Gaia parallax measurement for DF Cyg, we
calculated that it has a distance of 990± 372 pc and a physical radius of R⋆ = 10.3± 3.8 R⊙. From
kinematics and geometric arguments, we argue that the most likely interpretation for the decrease
in flux from the long-period maximum to the long-period minimum, as well as the reduction of the
short-term pulsation amplitude, is caused by an occulting body such as a disk surrounding DF Cyg
and its binary companion.
Keywords: stars: AGB and post-AGB — stars: binaries: general — stars: circumstellar matter —
stars: variables: Cepheids — stars: individual: DF Cygni
1. INTRODUCTION
RV Tau variable stars, named after their prototype RV Tauri, are luminous large-amplitude pulsating supergiants
(General Catalog of Variable Stars (GCVS); Samus et al. 2009) located at the brightest part of the population Type
II Cepheid instability strip in the Hertzsprung–Russell diagram (Wallerstein 2002). The colors of RV Tau stars are in
phase with their variation in brightness, displaying spectral types between F and G at maximum light and K to M at
minimum light (Samus et al. 2009). The large luminosities and large IR excess due to circumstellar dust exhibited by
RV Tau variables led to their classification as post-asymptotic giant branch (post-AGB) objects, suggesting they can
be planetary nebula progenitors (Jura 1986).
The main characteristic of RV Tau variables is a double wave of alternating deep and shallow minima in their light
curve. The combination of deep and shallow minima has a “formal” period (the time interval between two successive
deep minima) that ranges between 30 and 150 days (Samus et al. 2009). This short-term feature of repeating deep and
shallow minima has been argued (Gerasimovicˇ 1929) to represent two pulsation modes simultaneously being excited
in a 2:1 resonance (for a detailed description, see Pollard et al. 1996). In addition to this short-term behavior, RV Tau
variables are divided into two photometric subclasses based on longer-term variability. RVa stars maintain a relatively
constant mean magnitude throughout their alternating deep and shallow minima. RVb stars, on the other hand, show
an additional long-period variation on a timescale of 600–1500 days in mean magnitude with amplitudes that can reach
up to 2 mag in V (Samus et al. 2009).
A major outstanding question in the study of RV Tau stars is the origin of these two classes based on the presence of
long-period variation (in their light curves) or lack thereof. Various studies (e.g., Van Winckel et al. 1999; Maas et al.
2002; de Ruyter et al. 2005; Gezer et al. 2015; Manick et al. 2017) have argued that RV Tau stars generally can be
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understood if they possess binary companions. Van Winckel et al. (1999) compared various observed characteristics
of RV Tau stars with post-AGBs in known binary systems and found that a high fraction of RV Tau stars were similar
to their binary post-AGB counterparts. They further suggested that the viewing angle of a circumstellar dust torus
determined the long-term variability class, with RVa stars being seen pole-on and the RVb stars seen edge-on. The
RVb long-term variation then is due to periodic extinction by orbiting circumstellar dust. Based on IR excess in
the spectral energy distributions (SEDs). indicative of the dust disks of six RV Tau systems, de Ruyter et al. (2005)
found that the most likely explanation for the inferred structure and size of the disks is binarity. These studies further
support the view that binary companions, and possibly also circumstellar disks, are important for understanding the
RV Tau phenomena in general. A binary origin for the RV Tau phenomena would furthermore help to connect RV
Tau stars as evolutionary precursors of planetary nebulae, as studies suggest that the asymmetric morphology in the
majority of planetary nebulae is also due to binarity (see, e.g., De Marco 2009).
However, the question of what drives the RVa versus RVb long-term photometric behavior remains. Gezer et al.
(2015) used Wide-field Infrared Survey Explorer (WISE) data to study all galactic RV Tau stars in the GCVS
(Samus et al. 2009) catalog by comparing them to post-AGB objects. They found that all RVb stars in their sample
exhibited IR excesses and found them only among the disk sources, whereas some but not all of the RVa stars ex-
hibited such IR excesses. More importantly, they found that all confirmed binaries in their sample were disk sources.
Thus, there is evidence that the presence of a dust disk is most strongly connected to the presence of RVb long-term
photometric variations in RV Tau stars.
If dust disks cause the signature RVb long-term variation through orbital modulation of the obscuration along
the line of sight, then such orbital modulation might be the result of a binary companion, in which case one might
expect the modulation to be related to the binary orbital period. In fact, there is evidence for this scenario in RVb
stars such as U Mon, an example of a confirmed binary with a dust disk (Gezer et al. 2015), that has a long-term
photometric period of 2475 days (Percy et al. 1991) and agrees with the binary orbital period of 2597 days found by
Pollard & Cottrell (1995).
Since the discovery of DF Cyg (Harwood 1927), this archetypal RVb star, which varies in magnitude between ≈13–
10.5 mag (Bo´di et al. 2016), has remained a mystery. Although there have been some early indications of possible
binarity, the radial velocity signature of a binary companion has been inconclusive. For example, Joy (1952) reported
a range in the radial velocities of 45 km s−1, measured in 10 plates obtained at Mt. Wilson Observatory, but with
a large uncertainty. Moreover, Gezer et al. (2015) classified the SED of DF Cyg as “uncertain” with regards to the
evidence for a dust disk.
Fortunately, however, DF Cyg was included in the recent Kepler mission, providing an unprecedented high-quality
light curve spanning ≈4 years (see Figure 1). Kepler began observing DF Cyg at the start of a shallow minimum
followed by a total of 29 full double-wave (deep + shallow minima) cycles, covering almost two full cycles of an ∼800
day long-term RVb period. In addition, Gorlova et al. (2013) recently reported long-term radial velocity variations
with a period of ∼775 days for DF Cyg. Finally, DF Cyg was included in the first data release of parallax observations
by Gaia (Gaia Collaboration et al. 2016a,b). Together, the Kepler light curve and these recent radial velocity and
parallax measurements permit a new comprehensive re-evaluation of this important RV Tau system.
In this paper, we present updated measurements of the periodicities in the DF Cyg light curve and show conclusively
that DF Cyg possesses a large IR excess indicative of a dust disk. In addition, we present timescale arguments to
suggest that the long-term RVb variations in DF Cyg are consistent with a disk obscuration hypothesis on the binary
orbital timescale. Section 2 summarizes the Kepler light curve data that we use in our analysis and Section 3 describes
our analysis procedures and the main results that emerge from them. We discuss our interpretation of the results in
Section 4, and conclude with a summary of our findings in Section 5.
2. DATA: KEPLER TIME SERIES OBSERVATIONS
DF Cyg’s brightness variability and that for more than ∼150,000 target stars were simultaneously monitored by
Kepler through a long time baseline spanning ∼4 years. Kepler was designed to survey the Cygnus–Lyra star field
region with a 105 degree2 field of view. A total of 18 observation quarters each lasting ∼90 days were obtained from
2009 May 2 to 2013 April 9 (Q0, Q1, Q8, and Q17 were approximately 10 days, 33 days, 67 days, and 32 days,
respectively). In 2013 May, Kepler lost the second of its four reaction wheels, which ended the continuous monitoring
mission in the field. However, the observations obtained by Kepler provide space-based light curves with the highest
photometric accuracy and uninterrupted coverage compared to any ground-based observatory.
Kepler had two observing modes: the short-cadence mode and the long-cadence mode, which took an image (every
∼1 minute or every ∼30 minutes, respectively) for the duration of the entire mission (Hartig et al. 2014). There are 0.9
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– 3 day gaps in the data from the transition of one observing quarter to the next because Kepler was required to rotate
every three months to maintain direct sunlight on the solar arrays, optimizing their efficiency. Most of the targets
fell on a different CCD channel at every observation quarter, and their point-spread functions were distributed among
different neighboring pixel apertures. As a result, flux discontinuities exist between quarter-to-quarter transitions.
We retrieved the Kepler “simple aperture photometry” (SAP), long-cadence mode data of DF Cyg from the Mikulski
Archive for Space Telescopes (MAST). The data are highly sampled in time with a total of ∼69,778 data points
throughout the 18 observation quarters. Data were collected on day ∼120 of the mission and ended at day ∼1591,
summing to a total of ∼4 years of observations.
We use the SAP data as is; however, there were noticeable systematic discontinuities in flux throughout the light
curve, due to quarter-to-quarter transitions. We shifted quarters 0–3, 9, and 12 to reduce these discontinuities to best
represent the signal of the DF Cyg. These changes were relatively small but helped reduced the error on our measured
long-term period value. For an in-depth description on the removal of instrumental effects on Kepler data; see, e.g.,
Hartig et al. (2014).
3. ANALYSIS AND RESULTS
In this section we present the results of our analysis of the Kepler light curve observations of DF Cyg. We give
a general characterization of the overall light curve features. We obtain precise measurements of both the short-
term period and long-term period. Finally, we present the results of our analysis of the available broadband flux
measurements of DF Cyg, which we use to construct an SED and to estimate the radius of DF Cyg as well as to assess
the evidence for a dust disk in the system.
3.1. General Features of the DF Cyg Light Curve
Figure 1 displays the Kepler light curve of DF Cyg. The variations present in the light curve show the characteristic
RV Tau alternating minima and a long-period variation in the mean brightness, which are indicative of the RVb
classification. Kepler observed a complete cycle of the long-period variation, starting as DF Cyg emerged from a
long-period minimum and ending as DF Cyg entered a second long-period minimum. As a result, the Kepler light
curve features two maximum states that bracket one complete minimum state.
Figure 1. Kepler light curve for DF Cyg with a spline model (in gray) underlying the long-period trend. The data points
are color-coded according to the value of the spline model, where red means maximum light and blue means minimum light.
The dashed vertical lines indicate the approximate transitions of light to and from minimum light. Note that the short-term
oscillation amplitudes decrease at long-period minimum.
The Kepler light curve includes 29 full deep + shallow minima cycles, which we have labeled in Figure 2. Both of
the long-term maxima are flat with the mean brightness roughly lasting ∼300±70 days each. The long-term minimum
is ∼200±70 days in duration. The long-term brightness rise and fall times are ∼150±70 days each. These general
timescales are summarized in Table 1. The overall flux decreases by ∼90% from the long-period maximum to the
4 Vega et al. 2017
long-period minimum. During the long-period maxima, we find that the average peak-to-peak amplitude of the short-
period behavior is ≈ 9.2 × 105 flux units, while in the long-period minimum the average peak-to-peak amplitude is
≈ 7.9 × 104 flux units. Just as the overall flux decreases by 90%, the short-period oscillation amplitudes decrease
by ∼90% during the long-period minimum relative to the long-period maximum. In other words, the short-period
oscillations are, fractionally, the same during both the long-period maxima and the long-period minimum states. Percy
(1993) similarly found that in U Mon, RV Tau, and DF Cyg, the amplitudes of the short-period oscillations get smaller
during the long-period minimum. Here, with DF Cyg’s Kepler light curve, we can clearly see the highly resolved short-
period oscillations are ∼90% much lower in amplitude during the long-period minima. In Section 4, we return to these
phenomena in the context of an occultation scenario for DF Cyg.
Figure 2. Kepler light curve for DF Cyg with long-term behavior removed. From top to bottom, we color-code the data according
to (a) the value of the long-term behavior spline model, (b) alternating colors based on our double-wave cycle breakdown (there
are a total of 29 deep + shallow minima cycles), and (c) alternating colors based on Kepler quarters. Location of the extrema
of the long (a) and short (b) behaviors are also depicted.
Table 1. Long-period Transitional Behavior
Event Tstart Tend (Days) Duration (Days)
First Risea 125±50 275±50 150±70
First Maximum 275±50 575±50 300±70
First Fall 575±50 725±50 150±70
First Minimum 725±50 925±50 200±70
Second Rise 925±50 1075±50 150±70
Second Maximum 1075±50 1375±50 300±70
Second Fall 1375±50 1525±50 150±70
Note—Approximate day on which transitions occur.
aThe first rise may be incomplete due to the time at which Kepler started observing.
3.2. Arrival Time Variations in the Deep and Shallow Minima
To verify the periodicity of the short-term behavior in DF Cyg, and to assess any possible variability in the short-
term periodicity, we sought to measure the “arrival time” of each light curve minimum. Figure 3 shows an example of
a deep minimum, Cycle 17, observed by Kepler. We fit all 29 deep minima with a Gaussian function, where we used
the centroid of the Gaussian, µmin, and its associated error, µerr, to characterize the arrival time of each minimum.
Our best-fit arrival time values and associated errors for each deep minimum are presented in Table 2 and in Figure 4
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(top panel), where we show the measured arrival times of each deep minimum as a function of cycle number. We note
that the error bars, µerr, are smaller than the data points.
Figure 3. Example of arrival time estimate on the deep minimum Cycle 17. The time of the light curve segment is normalized
to the time of the data point with the minimum flux. The actual arrival time of the minimum as determined from the Gaussian
fit (dashed red line) is indicated by the vertical dotted line shown in the inset zoom.
Figure 4. Arrival time results. Top panel: the Gaussian-fit arrival times are plotted against the cycle number. The best-fit
line to the data is indicated by the dashed line. Lower panel: the residuals of the arrival times and best-fit model are plotted
against the cycle number, in the sense of O − C (observed minus calculated). In both panels, the data points are color-coded
according to the spline model of the long-period variation, as in Figure 1. Errors on the arrival times and on the residuals are
smaller than the data points.
The linear trend of the data indicates the overall consistency of the arrival times of the minima, with a best-fit slope
of 49.84 ± 0.02 days, which we take to be the short-term period for DF Cyg. This is consistent with the period of
6 Vega et al. 2017
Table 2. Deep Minima Arrival Time
Cycle Number Arrival Time (Days) Lag Time (Days)
1 161.628±0.003 -1.43±0.020
2 212.059±0.002 -0.83±0.020
3 262.372±0.001 -0.35±0.020
4 312.438±0.001 -0.12±0.020
5 361.214±0.001 -1.18±0.020
6 411.716±0.001 -0.51±0.020
7 462.645±0.002 0.58±0.020
8 512.185±0.001 0.29±0.020
9 562.033±0.001 0.30±0.020
10 611.880±0.002 0.31±0.020
11 662.138±0.001 0.73±0.020
12 711.808±0.002 0.57±0.020
13 761.780±0.006 0.71±0.021
14 811.595±0.006 0.69±0.021
15 861.244±0.005 0.50±0.020
16 911.290±0.008 0.71±0.021
17 961.392±0.007 0.98±0.021
18 1011.488±0.003 1.24±0.020
19 1062.175±0.002 2.09±0.020
20 1110.671±0.001 0.75±0.020
21 1159.160±0.003 -0.59±0.020
22 1208.217±0.001 -1.37±0.020
23 1258.706±0.001 -0.72±0.020
24 1307.624±0.002 -1.63±0.020
25 1358.736±0.002 -0.36±0.020
26 1408.529±0.002 -0.40±0.020
27 1458.711±0.002 -0.05±0.020
28 1508.374±0.006 -0.22±0.021
29 1557.755±0.005 -0.68±0.020
Note—Gaussian-fit arrival time for each deep minimum cycle and residuals plotted in Figure 3.
49.4 days (no quoted uncertainty) originally reported by Harwood (1927), as well as with the recent period reported
by Bo´di et al. (2016) of 49.9 days.
Subtracting the linear regression from the arrival times gives the residuals, which show systematic deviations, of the
arrival times about the best-fit linear trend (Figure 4, bottom panel). The deviations are typically on the order of
∼0.5 days, with an amplitude of ∼2 days. These deviations are highly significant considering the typical uncertainty
on the individual arrival times of 0.02 d. The pattern of the residuals is not strictly sinusoidal, but does undergo a
sign flip (from negative to positive residual) around cycles 4–6 and again (from positive to negative residual) around
cycle 21. The timescale between these sign flips, approximately 15–17 cycles, corresponds to a period in the range
747–847 days, given the average short-term cycle period of 49.84± 0.02 days found above.
3.3. Redetermination of the Long-term Periodicity
DF Cyg’s Kepler light curve almost spans two full long-period cycles. As an initial estimate, we divided the light
curve into two parts at day 800 (Figure 5). We heavily smoothed both portions using a spline with a smoothing length
of 1150 data points, and cross-correlated the two spline smoothing functions to get a best-fit long-period timescale of
795± 5 days. This period is consistent with previous a estimate (Harwood & Shapley 1937), and is within 2σ of the
779.6±0.2 day value reported by Bo´di et al. (2016) from 50 years of AAVSO measurements.
We note that a period of ∼800 days is almost exactly 16 times the short period we found above of 49.84± 0.02 days,
which would correspond to a long period of 797.4±0.3 days. Long-to-short period ratios of this order are generally
observed in other RVb stars (Tsesevich 1975; Percy 1993). When we phased the Kepler light curve by this long-
period value (Figure 5), the arrival times of the short-period oscillations align well. However, the amplitudes do differ,
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Figure 5. Phasing the Long-period spline. The gray curve represents the first half of the long-period cycle determined from the
spline model described in the text. The black curve represents the second half of the long-period cycle phased by 795-d. Phases
greater than ±5 days can be disregarded, giving the best-fit long-term period of 795± 5 days.
indicating that the variations in the system are not strictly periodic in every detail. At the same time, the long-period
behavior does show broad repeatability at this period, especially in the alignment of the rises to long-period maxima
and the descents toward long-period minima. In addition, the flux at long-period maxima are both flat. The flat long-
period maxima and their different durations resemble the RVb binary, U Mon (Percy 1993). Overall, we remark that
the long-term periodic behavior is reminiscent of an eclipsing binary. We return to the idea of a periodic occultation
hypothesis in Section 4.
Finally, we noticed that at both of the long-period maxima, the pattern of deep and shallow minima becomes
temporarily interrupted. Specifically, the shallow minimum of Cycle 5 and the subsequent deep minimum of Cycle
6 (at day ∼400) have roughly the same absolute flux and are not as readily distinguishable as deep versus shallow.
The same occurs for the shallow minimum of Cycle 21 and the subsequent deep minimum of Cycle 22 (at day ∼1200;
Figure 2). These temporary interruptions coincide with the sign reversals in the arrival time residuals observed in
Section 3.2 and Figure 4, a behavior separated by ∼800 days.
3.4. SED: Stellar Radius and Dust Disk
We gathered the available broadband photometric data for DF Cyg from GALEX, Tycho-2, APASS, 2MASS, and
WISE to produce the observed SED spanning the wavelength range 0.2–20 µm as shown in Figure 6. We used an
adopted effective temperature of Teff = 4840 K (Giridhar et al. 2005; Brown et al. 2011; Bo´di et al. 2016). The 2MASS
fluxes are clearly anomalous, and we confirmed from the timestamps in the 2MASS catalog that this is due to the
2MASS observations of DF Cyg having been taken near minimum brightness of the star (Skrutskie et al. 2006). In
addition, the WISE bands exhibit a clear excess. Therefore, we attempted a fit to only the portion of the SED at
λ < 1 µm. The UV to optical portion of the SED can be explained with a Kurucz stellar atmosphere model (we adopt
solar metallicity for simplicity) with a best-fit extinction of AV = 0.61 ± 0.06 mag, implying a distance of ∼1.3 kpc
for this sightline based on the 3D dust maps of Green et al. (2015). Indeed, the newly available Gaia parallax of
pi = 1.01± 0.38 mas puts DF Cyg at 990± 372 pc.
Integrating the model SED for the DF Cyg photosphere (black curve in Figure 6) gives a (dereddened) bolometric
flux at Earth of Fbol = 1.71± 0.05× 10
−9 erg s−1 cm−2. With Teff = 4840 K (see above), this yields an angular radius
of Θ = 0.048± 0.001 mas. Using this calculated angular radius with the Gaia distance in turn yields a physical radius
for DF Cyg of R⋆ = 10.3±3.8 R⊙, consistent with an evolved status for DF Cyg. We note that this radius is somewhat
smaller than is typically found for RV Tau stars using period–luminosity–color relations (e.g., Manick et al. 2017).
In addition, there is a large IR excess evident from the WISE data, consistent with that expected from a dusty
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Figure 6. SED with our best-fitting stellar atmosphere model to the optical photometry (black line). Measured fluxes are shown
as red crosses where the vertical bars represent the measurement uncertainties and the horizontal bars represent the width of the
passband. The aberrant 2MASS JHKS photometry (blue data points) is due to those observations having been taken during
an RVb dimming of DF Cyg. The WISE measurements reveal a clear and strong infrared excess, typically indicative of a dusty
disk (see the text).
circumstellar disk ((Gezer et al. 2015); disk model discussed in Section 4). The IR excess was not conclusive in the
study of Gezer et al. (2015) because the WISE data alone exhibit a combination of [3.4]−[4.6] and [12]−[22] colors
that placed DF Cyg just at the edge of their “disk” criterion. Here, the inclusion of the full SED makes the detection
of a large IR excess indicative of a disk unambiguous. In comparison, the 2MASS JHKS measurements appear
anomalously low. However, we note that the 2MASS observations were obtained during a long-period minimum state
(1998 June 13), with a phase corresponding to day ∼800 in Figure 1. These measurements are further discussed in
Section 4.
4. DISCUSSION: DISK OCCULTATION SCENARIO FOR THE LONG-PERIOD BEHAVIOR
In this section, we discuss the stellar parameters we obtained for DF Cyg, such as periodicity, the residual trend
from the short-period minima arrival times, as well as its radius and the confirmation of its IR excess. We develop a
scenario in which DF Cyg and its binary companion undergo periodic occultations by a dusty circumbinary disk.
4.1. Evidence for a Binary Companion with an 800 Day Period
There is now strong evidence to suggest the presence of a binary companion orbiting DF Cyg with a period of
∼800 days. Gorlova et al. (2013) reported preliminary results from a long-term radial velocity monitoring program
of ∼70 supergiants that included post-AGB stars with disk detections. They found DF Cyg to be one of their best
binary candidates, with a period of ∼775 days (no uncertainty reported). Some of the other candidates include EP Lyr
(∼1100 days), R Sge (≈1159 days), and RV Tau (≈1210 days). All of these are RVb stars with previously recorded
long-term photometric periods ranging from ∼1100–1200 days (e.g., Evans 1985; Gielen et al. 2009a).
In the case of DF Cyg specifically, if we assume a circular Keplerian orbit for the binary companion and adopt a
typical post-AGB mass of 0.6 M⊙ for the mass of DF Cyg (Weidemann 1990), we obtain a range of semi-major axis
values depending on the assumed mass of the companion. For example, for companion masses in the range 1–3 M⊙,
we obtain a range of semimajor axis a ≈ 1.5–2.5 AU.
Importantly, all of the previously identified RVb stars with binary companions appear to also possess dusty disks,
based on their SEDs (Gorlova et al. 2013; Gezer et al. 2015). In addition, Manick et al. (2017) reported that all six
of the RV Tau stars in their radial velocity study have disks and have binary companions with orbital periods of
650–1700 days and eccentricities of 0.2–0.6. Therefore, in both of these larger samples of RV Tau stars, there appears
to be a connection between the presence of a binary companion, the signatures of dusty disk material, and the periods
of both the binary orbit and the long-period photometric “RVb” variation.
DF Cyg 9
Similarly, our results for the behavior in the short-period oscillation arrival times (Section 3) suggest that DF Cyg
undergoes some sort of perturbation with a period comparable to the long-period “RVb” oscillation of 795 ± 5 days,
which is itself comparable to the binary companion period of ∼775 days reported by Gorlova et al. (2013). A phe-
nomenon related to heartbeat stars (Thompson et al. 2012), whose tidal distortions at periastron introduce periodic
variations in the light curve, could be related to the temporary interruptions of the deep and shallow minima.
This confluence of variability timescales—all around ∼800 days—motivates us to consider a unifying interpretation
involving the binary companion and a dusty disk in the circumbinary environment of DF Cyg, as we now discuss.
4.2. Disk Occultation Scenario
We begin by ruling out the possibility of having only a simple eclipsing binary star scenario, in which the ∼90%
decrease in light during the long-period minimum is caused by DF Cyg eclipsing a hot, luminous companion that
contributes ∼90% of the total system light. First, the duration of the long-period “RVb” dimming is very long—about
half of the orbital period. It is very difficult to construct an orbital configuration in which a companion star can spend
half of the orbit traversing behind DF Cyg. Perhaps this could occur if the orbit is highly eccentric; however, the
orientation of the orbit would have to be fortuitously aligned with our line of sight, such that the companion is being
blocked at apastron to account for the very long duration it would then spend in eclipse.
Second, in this scenario, we would expect a secondary eclipse to occur at periastron as the companion passes in
front of DF Cyg. However, we do not see any signs of a secondary eclipse in the light curve near the phases of the
long-period maxima. Finally, since the short-period oscillations are observed to decrease by ∼90% in amplitude during
the long-period minimum, it must almost certainly be the case that it is DF Cyg that is principally occulted during
long-period minima. This instead requires that ∼90% of the stellar disc of DF Cyg is obscured by a very large, opaque
screen.
If we instead interpret the long-period changes in average flux to be due to ingresses, eclipse, and egresses of an
opaque body passing in front the DF Cyg + companion system, we can attempt to characterize the occulting body.
Given that DF Cyg exhibits a clear IR excess indicative of a dusty disk somewhere in the system, one interpretation
is that the occulting screen is a feature in a disk around DF Cyg itself or else a disk around the companion star.
Therefore, we first consider the approach laid out in Rodriguez et al. (2013) for the occultation of a star by an orbiting
disk. The extent of the screen can be obtained by calculating its transverse velocity, using our empirically obtained
radius for DF Cyg and the duration of ingress (or egress). We calculated the size, w, of the occulting screen from
the screen’s transverse velocity, vT, and the amount of time, teclipse, given by the sum of the ingress duration and the
total eclipse duration, teclipse = w/vT. The transverse velocity is itself related to the size of DF Cyg and the ingress
duration, tingress, by vT = 2R⋆/tingress, where R⋆ is the radius of DF Cyg. Thus, w = 2R⋆teclipse/tingress. With an
observed tingress = 150 ± 70 days and observed teclipse = 350 ± 70 days, we obtain vT = 1.11 ± 0.66 km s
−1 and w =
0.22 ± 0.14 AU.
We considered two possibilities for the location of the dusty disk occulting DF Cyg and producing dimmings, in the
context of the above scenario from Rodriguez et al. (2013): (1) a circumstellar disk around DF Cyg itself, and (2) a
circumstellar disk around a companion star, and this companion/disk system periodically occulting DF Cyg. However,
neither of these is geometrically convincing. First, to not occult DF Cyg during half of the cycle but then occult ∼90%
of DF Cyg during the other half of the cycle, a disk around DF Cyg would need to have a very “tall” feature or warp
on one side. Given the radius of DF Cyg (≈10.3 R⊙), this warp would need to extend vertically by ∼10 R⊙; with an
inferred total disk extent of ∼0.2 AU, or ∼50 R⊙, this would be a remarkably large perturbation indeed. On the other
hand, to periodically occult DF Cyg with a period equal to the orbital period of the companion star, and assuming
a Keplerian disk, the disk warp would need to be located at the same distance as the companion star. However, it
would then presumably not be possible for the disk to remain stable if it completely fills the binary orbit.
The second possibility, in which the binary companion is encircled by a dusty disk, and it is the binary companion/disk
system that periodically occults DF Cyg at the binary orbital period, is also geometrically impossible. Specifically,
based on the fraction of the total light curve duration that the dimming event spans, the binary companion and its
disk would need to spend roughly half of the orbital period in front of DF Cyg, leaving half of the orbital period for
the binary to traverse all other orbital phases. Even imagining that the companion is on a highly eccentric orbit and
that the orbit is moreover fortuitously aligned with the observer such that the occultations correspond to apastron, it
is not geometrically possible to explain the occultation durations relative to the entire orbit in such a scenario.
Thus, we are led to conclude that the opaque screen periodically occulting DF Cyg is a circumbinary dusty disk
around an entire binary system. This would represent an interpretation similar to that described in Gorlova et al.
(2015) for the IRAS 19135+3937 interacting binary system (see their Figure 18), although much simpler in this case
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as there is no evidence in DF Cyg for the additional complexities of accretion, jets, or any reflection effects.
By adopting the interpretation that an opaque disk periodically occults DF Cyg, we therefore infer that the 2MASS
JHKS measurements, which were obtained during the long-period minimum (Section 3.4), are a combination of
infrared flux from the disk plus the unobscured part of the photosphere of DF Cyg1. If we assume that the stellar
SED model in Figure 6 represents the expected flux from the full photosphere, we can use the 2MASS measurements
to isolate the JHKS flux of the disk alone. To do this, we estimated the “undimmed” 2MASS JHKS fluxes by
interpolating from a straight line in Figure 6 between the 0.8 and 3.5 µm measurements. The resulting ratio of the
dimmed to the undimmed flux at JHKS is ∼0.19, ∼0.22, and ∼0.33, respectively.
These ratios indicate greater dimming at shorter wavelengths, which could be interpreted as interstellar-like extinc-
tion if the occulting disk is semi-transparent. Therefore, we compared these flux ratios, as a function of wavelength, to
an extinction model based on the Cardelli et al. (1989) interstellar extinction law. In this comparison, we normalized
the extinction law to the ∼0.10 flux ratio we measured from DF Cyg’s Kepler light curve, adopting the midpoint
of 0.66 µm for the Kepler bandpass. We found that the JHKS flux ratios are dimmer than that expected from the
interstellar extinction law. Alternatively, if the occulting disk is opaque and black (i.e., non-emitting), we would expect
the dimming to be gray. However, the flux ratios measured above are not gray. Rather, the trend from the Kepler and
JHKS flux ratios falls in between the two extreme cases of interstellar-like extinction and an opaque non-emitting
disk, suggesting that the occulting screen is opaque but also glowing in the near-IR.
To test for a glowing disk, we attempted to estimate how bright the 2MASS data points would have been had
they been measured at the long-period maximum state. If the observed 2MASS measurements come from 10% of the
DF Cyg photosphere and 100% of the disk, the relation between the fluxes is described by
F2MASS = 0.1FDFCyg + FDisk, (1)
and the total flux expected at the long-period maximum is given by
FTotal = FDFCyg + FDisk. (2)
Here, F2MASS is the 2MASS flux measurement, FDFCyg is the flux of DF Cyg, which we estimated from our SED
photosphere model, and FDisk is the flux of the disk. By solving equations 1 and 2 for each 2MASS JHKS bandpass
individually, we find total fluxes of 10−9.0, 10−9.09, and 10−9.2 erg s−1 cm−2, respectively. These values increase the
originally measured 2MASS points, as shown in Figure 7, now revealing a double-peaked SED. Such a double-peaked
SED is similar to that of other RV Tau stars with disks (see, e.g., de Ruyter et al. 2005), lending additional credibility
to the occulting disk scenario. From the shape of the SED, we estimate that the disk peaks at ∼ 3.5 − 4µm. Using
Wien’s displacement law we can then estimate the temperature (of the inner edge) of the disk to be ∼770 K.
Studies such by de Ruyter et al. (2005, 2006) have previously suggested that dusty disks, possibly circumbinary disks,
around RV Tau and post-AGB stars can be stable over long timescales. A few recent studies provide more compelling
evidence for dusty circumbinary disks around post-AGB and RV Tau stars (Gielen et al. 2009b; Hillen et al. 2014,
2015). Gielen et al. (2009b) used SED modeling of four RV Tau stars and inferred dusty disks around them. They
moreover found that the disks were likely to be puffed up, i.e., having large scale heights. They also determined
that these disks possess inner holes, where the inner disk radii are typically a few astronomical units, similar to the
semimajor axis that we derive above for the DF Cyg binary orbit.
Hillen et al. (2014) used interferometric measurements and SED fitting to similarly infer a puffed-up circumbinary
disk with an inner hole around the binary post-AGB star 89 Her. The inferred disk scale height in that system suggests
that a partial blocking of the central star should occur for ∼20-30% of viewing angles. This fraction is also consistent
with occurrence rates of RVb stars. For example, GCVS currently has 159 RV Tau stars on record, 45 classified as
RVa’s and 19 classified as RVb’s (the rest are not listed with a classification), giving an RVb occurrence of 30% among
the classified systems.
Note that this interpretation requires that some RVa-type stars also have disks but that these be viewed from more
pole-on orientations such that the central RV Tau star is not obscured. Van Winckel et al. (1999) was the first to
suggest viewing angle and variable circumstellar extinction determined the RV Tau’s photometric class. Indeed there
are known examples of such systems. For example, AC Her, an RVa pulsator (no long-period dimming events) is in
a confirmed binary system (Van Winckel et al. 1998) surrounded by a stable circumbinary disk. Hillen et al. (2015)
recently found evidence that AC Her’s circumbinary disk is puffed up with a large inner disk radius.
1 We ignore any contribution from the binary companion, which is presumably very faint in the visible in comparison to DF Cyg. This
assumption is corroborated by the fact that the radial velocity monitoring of DF Cyg that identified the orbital motion of DF Cyg did not
observe the spectrum of the companion (Gorlova et al. 2013).
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Figure 7. Same as Figure 6, but now including the JHKS fluxes corrected upward (arrows pointing to green symbols) for the
obscuration of the luminous, occulting disk (see the text).
5. SUMMARY AND CONCLUSIONS
We have studied the Kepler light curve of the RV Tau variable DF Cyg with unprecedented photometric and
temporal resolution. We determined that the characteristic RV Tau variable short-term pulsation has a period of
49.84± 0.02 days and the RVb longer-term variation has a period of 795 ± 5 days, which are consistent with period
values in the literature. We found that the overall mean flux decreases by ∼90% from the long-period maxima to the
long-period minimum and that the short-period peak-to-peak amplitudes, during long-period maxima, also decrease
by ∼90% at long-period minimum.
During the maxima of the long-period behavior, we identified two temporary interruptions of the deep and shallow
minima occurring on the order of ∼800 days. Studying the residuals of the arrival times for the deep minima, we
discovered a similar trend on the order of ∼800 days. A previously measured radial velocity period of ∼775 days
suggests an orbital period consistent with the ∼800 day features present in the light curve.
Hence, there is compelling and corroborative evidence to associate the long-period variation and other ∼800 day
features with a binary orbital period. It has also been suggested that the long-period behavior in RVb stars is due to
the geometry of circumstellar disks where the stars are periodically occulted by their disks. Using DF Cyg’s stellar
parameters, based on the recent Gaia parallax measurement, and our analysis of the Kepler light curve, we considered
such a scenario for DF Cyg.
We argue that if the periodic long-term behavior is due to orbital modulation by an opaque body that blocks ∼ 90%
DF Cyg + companion’s light, then the only feasible configuration is a puffed-up circumbinary dusty disk surrounding
the DF Cyg system. Such a scenario is consistent with DF Cyg’s IR excess, which suggests the presence of a dusty
disk. This interpretation is bolstered by our analysis of the 2MASS JHKS observations (taken during long-period
minimum), which indicates the presence of a double-peaked SED in the near-IR similar to that of other RV Tau stars.
This, in turn, suggests that the disk occultation scenario advanced here may apply generally to RVb-type variables.
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